Pancreatic-type ribonucleases (ptRNases) are prevalent secretory enzymes that catalyze the cleavage of RNA. Ribonuclease inhibitor (RI) is a cytosolic protein that has femtomolar affinity for ptRNases, affording protection from the toxic catalytic activity of ptRNases, which can invade human cells. A human ptRNase variant that is resistant to inhibition by RI is a cytotoxin that is undergoing a clinical trial as a cancer chemotherapeutic agent. We find that the ptRNase and protein kinases in the ERK pathway exhibit strongly synergistic toxicity toward lung cancer cells (including a KRAS G12C variant) and melanoma cells (including BRAF V600E variants). The synergism arises from inhibiting the phosphorylation of RI and thereby diminishing its affinity for the ptRNase. These findings link seemingly unrelated cellular processes, and suggest that the use of a kinase inhibitor to unleash a cytotoxic enzyme could lead to beneficial manifestations in the clinic.
Introduction
As catalysts of RNA degradation, ribonucleases operate at the crossroads of transcription and translation. This central role is suggestive of potential clinical utility. Indeed, experiments in the 1950s showed that RNase A, which is a secretory pancreatic-type ribonuclease (ptRNase), was toxic to tumor cells, both in vitro and in vivo (1) (2) (3) . Efficacy required, however, the injection of a large quantity (i.e., milligrams) of enzyme into a solid tumor.
In recent years, the need for high dosing was overcome with variants of RNase A that evade ribonuclease inhibitor (RI), a protein that is endogenous to the cytosol of human cells (4) (5) (6) . Moreover, RNase A was found to have an innate affinity for Globo H, which is a tumor-associated antigen (7) . These discoveries have led to the development of RI-evasive variants of RNase 1 (which is a human homolog of RNase A) as cancer chemotherapeutic agents. One such variant, QBI-139, is in a phase I clinical trial for the treatment of solid tumors (8, 9) .
The combination of drugs can be of substantial benefit to patients with cancer (10, 11) . In a study of solid tumors, Nowak, Vogelstein, and their coworkers have shown that, in most clinical cases, combination therapies will be needed to avoid the evolution of resistance to targeted drugs (12) . In addition to therapeutic advantages, combination therapy can provide significant longterm cost savings to patients and society compared with the use of single agents. QBI-139 has no particular "target" other than cellular RNA and is thus unlikely to engender resistance. Still, we imagined that mutual benefit might arise from its pairing with extant cancer drugs.
Small-molecule inhibitors of protein kinases, especially in combination with other drugs, are playing an increasingly prominent role in the treatment of cancer (13) . The focus on kinases derives from their central role in regulating cellular processes (14, 15) . For example, aberrant protein phosphorylation in the ERK pathway (i.e., RAS-RAF-MEK-ERK) is known to promote the development and progression of cancer. Accordingly, kinases of the ERK pathway are the target of many drugs (16, 17) . The acquisition of resistance to these drugs as stand-alone therapies is, however, common (18, 19) .
Herein, we probe the efficacy of combining a human ribonuclease variant, QBI-139, with small-molecule kinase inhibitors as toxins for human cancer cells. We discover remarkable synergism with agents that target the ERK pathway. This synergism greatly exceeds that from merely pairing kinase inhibitors. We find that the biochemical basis for the synergism of a ribonuclease and a kinase inhibitor entails the previously unknown phosphorylation of RI. These findings reveal a link between previously unrelated cellular processes, and could lead to beneficial manifestations in the clinic.
Materials and Methods

Materials
All chemicals were from Sigma-Aldrich, Invitrogen, or Thermo Fisher Scientific unless indicated otherwise, and were used without further purification. All primary antibodies were from Cell Signaling Technology. All secondary antibodies were from Santa Cruz Biotechnologies. QBI-139 was a kind gift from Dr. L.E. Strong (Quintessence Biosciences, Madison, WI). All kinase inhibitors were from Selleckchem. Aqueous solutions were made with water that was generated with an Atrium Pro water purification system from Sartorius and had resistivity !18 MΩÁcm -1 . Procedures were performed at room temperature ($22 C) unless indicated otherwise.
Cell culture
Human cells were obtained from the ATCC and stored in vials immersed in N 2 (l). Before their use, human cell lines were authenticated by morphology, karyotyping, and PCR-based methods, which included an assay to detect species specific variants of the cytochrome C oxidase I gene (to rule out interspecies contamination) and short tandem repeat profiling (to distinguish between individual human cell lines and rule out intraspecies contamination). To minimize genetic drift, a thawed vial was used for fewer than fifteen passages.
Medium and added components, trypsin (0.25% w/v), and Dulbecco's PBS were from the Gibco brand from Thermo Fisher Scientific. Cells were grown in flat-bottomed culture flasks in a cellculture incubator at 37 C under CO 2 (g; 5% v/v). A549 cells (ATCC CCL-185) were grown in F-12K medium; H358 (ATCC CRL-5807) cells were grown in RPMI-1640 medium; SK-MEL-28 cells (ATCC HTB-72) were grown in Eagle's minimum essential medium; A375 cells (ATCC CRL-1619) and HEK293T cells (ATCC CRL-1573) were grown in Dulbecco's modified Eagle's medium; Malme-3M (ATCC HBT-64) cells were grown in Iscove's modified Dulbecco's medium; Malme-3 (ATCC HTB-102) cells were grown in McCoy's 5a modified medium. The Corning 96-well microplates used in experiments were from Sigma-Aldrich.
Assay of cell viability with a single drug
Assays for cell viability in the presence of a drug(s) were performed with a tetrazolium dye-based assay for cellular metabolic activity (20) . Cells in complete growth medium were plated at 5,000 cells per well in a 96-well microplate, which was incubated for 24 hours. Cells were then treated with increasing concentrations of each compound, either kinase inhibitors or QBI-139. After 48 hours, the medium was removed, and cells were incubated for 2 hours with CellTiter 96 MTS reagent from Promega. Absorbance was recorded on an M1000 fluorimeter from Tecan at 490 nm. Data were analyzed with Prism 5.0 software from GraphPad. Values of EC 50 , which is the concentration of a drug that gives half-maximal cell viability, were calculated with the equation:
where y is cell viability, x is the concentration of drug, and h is the Hill coefficient. Data were plotted on a log scale with each data point being the mean of 3 biological replicates.
Assay of cell viability with two drugs
The EC 50 values obtained from single-drug cell viability assays were used to design subsequent drug combination experiments. Two-drug combination experiments were performed by using a 5 Â 5 matrix in 96-well plates to interrogate 25 dosing pairs. Cells in complete growth medium were plated at 5,000 cells per well in a 96-well microplate, which was incubated for 24 hours at 37 C. Cells were treated with kinase inhibitor for 1 hour, followed by QBI-139. After 48 hours, cell viability was evaluated as described above. Dose-response data for each drug alone and for two-drug combinations were determined experimentally. CI values were calculated using CalcuSyn 2.0 from Biosoft. CI < 1, CI ¼ 1, and CI > 1 indicate synergism, an additive effect, and antagonism, respectively. Each CI value was the mean of data from 3 biological replicates.
Cloning of genes encoding BAP-RI and BirA
A DNA fragment encoding human wild-type RI was a generous gift from Promega. DNA primers encoding BAP and a linker peptide, GSGSGS, were installed on the N terminus of RI by amplification using PCR. The PCR-amplified gene encoding the BAP-RI conjugate was inserted into pNeo3 vector by using Gibson assembly (21) . A DNA fragment encoding BirA was a kind gift from Prof. M. Wickens (University of Wisconsin-Madison). The gene was inserted into pNeo3 vector by using Gibson assembly (21) . The sequences of the BAP-RI and Bir A constructs were confirmed by DNA sequencing at the University of Wisconsin Biotechnology Center.
Expression and purification of biotinylated RI
HEK293T cells were seeded in complete medium in 6-well plates or 10-cm dishes at a density of 200 cells/mL. After 24 hours, cells were transfected with plasmids that direct the expression of BirA and BAP-RI using Lipofectamine 3000. One hour later, biotin (1 mmol/L) was added into transfected cells, and incubation was continued for another 48 hours. Cells were harvested, washed with PBS, and then lysed in lysis buffer (which was M-PER Mammalian Protein Extraction Reagent containing Pierce Protease Inhibitor Tablets, Pierce Phosphatase Inhibitor Tablets, and 1 mmol/L DTT). Cell lysate was subjected to centrifugation at 14,000g for 30 minutes at 4 C to remove cell debris. The clarified lysate was filtered, and then applied to monomeric avidin-agarose beads. The mixture was subjected to nutation for 24 hours at 4 C. The beads were washed (3Â) with lysis buffer, and then eluted with lysis buffer containing 2 mmol/L biotin. The eluate was then purified further by chromatography using a 5-mL ribonuclease A-affinity column as described previously (22) . The purified, biotinylated RI was stored in storage buffer (which was 20 mmol/L Tris-HCl buffer, pH 7.5, containing 1 mmol/L EDTA, 1 mmol/L DTT, and 50 mmol/L NaCl). The protein sample was then submitted to mass spectrometry at University of Wisconsin Biotechnology Center to identify any sites of phosphorylation.
Immunoblotting
Immunoblotting was performed by standard methods, as described previously (23) . Cells grown in a 10-cm dish were lysed with 1 mL of M-PER Mammalian Protein Extraction Reagent containing Pierce Protease Inhibitor Tablets, Pierce Phosphatase Inhibitor Tablets, and DTT (1 mmol/L). Cell lysates were subjected to centrifugation for 10 minutes at 14,000 Â g to remove cell debris, and the total protein concentration in the supernatant was determined with a Bradford protein assay. Protein ($30 mg) was separated by SDS-PAGE using a gel from Bio-Rad, and the resulting gel was subjected to transfer to a PVDF membrane with an iBlot 2 dry transfer system. The membrane was blocked for 1 hour in a solution of BSA (5% w/v) in TBS-Tween (TBS-T), washed, and then incubated overnight at 4 C with an antibody (1:500 dilution) in TBS-T containing BSA (5% w/v). After another wash with TBS-T, membranes were incubated with secondary antibody (1:3,000 dilution), washed again, and then detected with an Amersham ECL Select Western Blotting Detection Reagent and by an ImageQuant LAS4000 instrument from GE Healthcare.
For pull-down assays, after isolation of the total protein, samples were incubated overnight at 4 C with Streptavidin MagneSphere Paramagnetic Particles from Promega. The beads were washed (3Â) with PBS containing 1 mmol/L DTT. Samples were eluted with 50 mL of SDS gel-loading dye and processed further for immunoblotting.
Native gel-shift assay RI purified from transfected HEK293T cells was subjected to electrophoresis through a non-denaturing gel in the absence and presence of QBI-139, as described previously (24) . Unphosphorylated RI (uRI; 3 mmol/L) was prepared by incubating isolated RI with lambda protein phosphatase from New England BioLabs (Ipswich, MA) for 10 minutes at 37 C, followed by dialysis against PBS containing 1 mmol/L DTT to remove excess phosphatase. RI (or uRI) and QBI-139 were incubated together in a 1:1.3 or 1:1 molar ratio for 20 minutes at 25 C to allow for complex formation. A 10-mL aliquot of protein solution was combined with 2 mL of a 6 Â solution of SDS gel-loading dye, and the resulting mixtures were applied immediately onto a non-denaturing 12% w/v polyacrylamide gel from Bio-Rad. Gels were subjected to electrophoresis in the absence of SDS at 20 to 25 mA for approximately 3 hours at 4 C and stained with Coomassie Brilliant Blue G-250 dye.
Protein thermal-shift assay
Values of T m for RI in the absence and presence of QBI-139 were determined with differential scanning fluorimetry (DSF; ref. 25) . DSF was performed with a ViiA 7 Real-Time PCR machine from Applied Biosystems. Briefly, a 20-mL solution of protein (10 mmol/L of RI or uRI; 14 mmol/L of QBI-139) was loaded into the wells of MicroAmp optical 96-well plate from Applied Biosystems, and SYPRO Orange dye was added to a final dilution of 1:250 in relation to the stock solution from the manufacturer. The temperature was increased from 20 C to 96 C at 1 C/min in steps of 1 C. Fluorescence intensity was measured at 578 nm, and the denaturation curve was fitted with Protein Thermal Shift software from Applied Biosystems to determine values of T m , which is the temperature at the midpoint of the transition.
Calculation of Coulombic interaction energies
Calculations were performed on AMD Opteron 2.2-GHz processors running CentOS 6.3 at the Materials and Process Simulation Center of the California Institute of Technology (Pasadena, CA). All computational models were based on the crystal structure of the human RIÁRNase 1 complex (PDB entry 1z7x), which was determined at a resolution of 1.95 Å (22) . Missing hydrogen atoms were introduced with the program Reduce (version 3.03), and the model was minimized fully (26) . All minimizations were carried out to a 0.2 kcal/mol/Å RMS-force convergence criterion by conjugate gradient minimization in vacuum using the DREIDING forcefield (27, 28) .
The Coulombic impact of replacing Ser/Thr residues with pSer/ pThr on the stability of the RIÁRNase 1 complex was calculated as the difference between the energy of the complex and that of its components. Serine and threonine residues at phosphorylation sites were replaced with glutamine, and side-chain conformations of these and other residues within 6 Å were optimized with the (29) . Following minimization, glutamine sidechains were replaced with pSer or pThr with purpose-written Python (version 2.7) scripts, and the phosphorylated complex was minimized locally. All Coulombic interaction energies reported are relative to that calculated for the wild-type complex.
Similarly, the Coulombic impact of phosphorylation on thiolate formation at cysteine side-chains of RI was calculated through the change in Coulombic interaction energy between a cysteine thiolate and RI upon phosphorylation at a specific site.
Results
A kinase inhibitor enhances the cytotoxicity of a ptRNase
In an initial screen, we treated human lung cancer cells (line A549) for 48 hours with four inhibitors of four different types of protein kinases: trametinib, PD 0332991, bosutinib, and crizotinib (30) (31) (32) . We measured cell viability with a tetrazolium dye-based assay for metabolic activity. The ensuing EC 50 values are listed in Table 1 . Next, we treated cells with kinase inhibitors at their EC 50 concentrations for 1 hour before the addition of QBI-139 (10 mmol/L), and assessed cell viability after 48 hours. We found that treatment with trametinib in combination with QBI-139 was more effective at killing lung cancer cells than was treatment with either agent by itself (Fig. 1) . In contrast, combinations of QBI-139 with other kinase inhibitors resulted in cytotoxicity comparable with that with the kinase inhibitor alone.
MEK inhibitors act synergistically with a ptRNase
To investigate possible synergy between QBI-139 as well as another MEK inhibitor, selumetinib, we evaluated a range of drug combinations. First, we characterized the cytotoxicity of singledrug treatments in the A549 cell line (Fig. 2A) . We used the EC 50 values obtained from single-drug treatments (Table 1) to design subsequent drug combination experiments. Two-drug combination experiments were performed using a 5 Â 5 matrix to interrogate 25 dosing pairs per combination. Each drug was dosed at five concentrations obtained by serial two-fold dilutions. We assessed cell viability for single-drug and two-drug combination treatments to identify synergistic effects as judged by values of the combination index (CI), which are shown in Fig. 2B and C. We observed strong synergy between MEK inhibitors and the ptRNase, and the synergistic effect of QBI-139 paired with trametinib is more favorable than with selumetinib. Table 1 . B and C, Two-drug combination experiments were performed using a 5 Â 5 matrix to interrogate 25 concentration pairs. Cells were treated with a kinase inhibitor for 1 hour at 37 C, followed by the addition of QBI-139. Cells were incubated continually for another 48 hours. Cell viability assessments for single and combination drug treatments were evaluated to identify synergistic effects based on CI. Values of CI were calculated with CalcSyn 2.0 software. CI < 1 (blue), CI ¼ 1, and CI > 1 (black) indicate synergism, an additive effect, and antagonism, respectively. The combination of trametinib and QBI-139 exerts more synergism than does the combination of selumetinib and QBI-139. Values represent the mean AE SEM (n ¼ 3, biological replicates).
A KRAS inhibitor acts synergistically with a ptRNase
MEK is activated by BRAF, and BRAF is a substrate of KRAS. We asked if an inhibitor of the upstream activator, KRAS, acts synergistically with QBI-139. The small-molecule drug ARS-853 has robust cellular inhibitory activity against the G12C variant of KRAS (33, 34) and inhibits KRAS signaling in H358 cells (KRAS G12C ) but not A549 cells (KRAS G12S ; ref. 33), both of which are human lung cancer lines. As expected, ARS-853 treatment killed H358 cells more effectively than A549 cells (Fig. 3A and B) . Interestingly, QBI-139 treatment was 20-fold more cytotoxic to H358 cells compared with A549 cells (Fig. 3A  and B) . Combining the KRAS G12C -targeted agent, ARS-853, with QBI-139 enhanced the efficacy of both agents toward H358 cells (Fig. 3C) . In contrast, this combination produced an additive effect toward A549 cells (Fig. 3D) . These findings suggest some sort of molecular interaction between QBI-139 and the ERK pathway.
QBI-139 exhibits greater synergy with a BRAF or MEK inhibitor than do combinations of BRAF and MEK inhibitors
Substitutions to Val600 of BRAF lead to strongly growthpromoting signals and are often found in patients with advanced melanoma. Trametinib, in combination with dabrafenib, is in clinical use for the treatment of patients with BRAF V600E metastatic melanoma. Dabrafenib has robust inhibitory activity against V600E variants of BRAF (35, 36) . Tumors often develop resistance to BRAF inhibitors by activating MEK and resuming growth (37) (38) (39) (40) (41) .
We assessed the effect of kinase inhibitors in combination with QBI-139 across three BRAF V600E melanoma cell lines: SK-MEL-28, A375, and Malme-3M. We observed strong synergy with dabrafenib and QBI-139, and somewhat weaker synergy with trametinib and QBI-139; whereas dabrafenib and trametinib exhibited an additive effect (Fig. 4) . None of the agents were toxic to normal skin fibroblasts at the tested doses ( Supplementary Fig. S1 ).
RI is a substrate for kinases of the ERK pathway
No known mechanism-of-action can explain the synergism of QBI-139 with a protein kinase inhibitor. Because RI is a critical regulator of ptRNase activity in the cell (42-44), we hypothesized that RI undergoes phosphorylation in mammalian cells. Coulombic interactions make a strong contribution to the affinity of RI and ptRNases, which are highly anionic and highly cationic, respectively (22, (45) (46) (47) . The addition of anionic phosphoryl groups to RI would likely enhance this Coulombic interaction.
We sought to identify a kinase that could phosphorylate RI. For guidance, we analyzed the amino-acid sequence of RI with the program NetPhos 3.1 (48, 49) . The computational results indicated that RI was likely to be a substrate for ERK and RSK. Notably, this assignment is consistent with the cooperative action of QBI-139 and ERK-pathway inhibitors ( Fig. 1-4) .
Phosphorylation of RI enhances its interaction with ptRNases
To test for RI-phosphorylation and an increased affinity for a ptRNase, we isolated RI from mammalian cells. Specifically, we produced biotinylated RI in HEK293T cells through transient co-transfection of both a plasmid that directs the expression of RI conjugated to a biotin-acceptor-peptide (BAP) and another plasmid that directs the expression of biotin ligase (BirA), which catalyzes the condensation of biotin with a lysine residue in BAP. Assays of different ratios of Lipofectamine 3000 to plasmids revealed a 1:1 ratio as yielding the most biotinylated RI (Supplementary Fig. S2A ). RI expression was found to be higher at 48 hours after transfection than at 24 or 72 hours ( Supplementary Fig. S2B and S2C ). Biotinylated RI was purified by column chromatography using monomeric avidin-agarose and RNase A-affinity resin. Elution of biotinylated RI from the RNase A-affinity resin required 3.5 mol/L NaCl, in contrast to the 3.0 mol/L NaCl necessary to elute RI produced in Escherichia coli (Supplementary Fig. S2D ). Elution at a higher salt concentration suggests a greater affinity of a ptRNase for mammalian-derived RI.
We discovered that RI is indeed phosphorylated by intracellular kinases. Incubation of E. coli-derived RI with HEK293T cell lysate and [g-32 P]ATP led to 32 P-labeled RI (Supplementary Fig. S2E ). To refine this result, we isolated RI from live HEK293T cells and analyzed the protein by mass spectrometry. Phosphoryl groups were apparent on five residues: Thr81, Ser177, Ser289, Ser382, and Ser405 (Fig. 5A and Supplementary Fig. S3 ). Finally, we confirmed the endogenous phosphorylation of RI further by immunoblotting the isolated RI with antibodies that recognize phosphoserine (a-pSer) and phosphothreonine (a-pThr; Fig. 5B ). Application of lambda protein phosphatase to the same sample produced unphosphorylated (uRI), which did not yield a signal in the immunoblot.
We interrogated the effect of RI phosphorylation using a native gel-shift assay. An equimolar or greater amount of QBI-139 was incubated with RI, and a shift in the position of RI on the gel reported on the extent of complex formation. Although QBI-139 evades unphosphorylated RI, that evasion is not complete, as uRI splits into free and ptRNase-bound populations (Fig. 5C ). In contrast, phosphorylated RI exhibits near-complete binding to QBI-139. Thus, the presence of phosphoryl groups on RI enhances its interaction with a ptRNase.
The enhanced affinity of phosphorylated RI for a ptRNase was also apparent in thermal denaturation experiments. Binding to a ligand stabilizes a protein (24, 25, 50, 51) . Although not changing the thermostability of RI itself, phosphorylation generates a marked increase in the thermostability of an RIÁptRNase complex (Fig. 5D ). The T m value of the phosphorylated RIÁQBI-139 complex is 15 C higher than that of uRIÁQBI-139, indicative of enhanced affinity and in accord with the results of the native gel-shift assay (Fig. 5C) . Moreover, computational models suggest a stronger Coulombic interaction between RI and RNase 1 upon phosphorylation of RI, especially on residues closest to the RI-RNase 1 interface (Fig. 5E) . Together, these data indicate a direct link between the phosphorylation of RI and an increase in its affinity for ptRNases.
Phosphorylation of RI is suppressed by inhibitors of the ERK pathway
Finally, we sought to confirm the apparent effect of kinase inhibitors on RI phosphorylation by immunoblotting. Biotinylated RI was isolated by using streptavidin-coated magnetic beads from SK-MEL-28 cells after transient transfection for 48 hours. To detect phosphorylated species, we used a-pSer or a-pThr. Strong bands for phosphorylated RI were observed when cells were treated with inhibitors of kinases that are not on the ERK pathway (Fig. 6) . Those kinase inhibitors (PD 0332991, bosutinib, and crizotinib) had insignificant effects on the phosphorylation of MEK, ERK, or RSK (Fig. 6A) . In contrast, cells treated with a BRAFtargeted agent, dabrafenib, produced only a weak band of phosphorylated MEK, and no detectable phosphorylation of downstream targets, including ERK, RSK, and RI. Likewise, treatment with MEK-targeted agents, trametinib or selumetinib, diminished the phosphorylation of ERK, RSK, and RI. These biochemical data provide direct evidence that kinases in the ERK pathway are indeed responsible for phosphorylating RI, in agreement with the observed synergism.
Discussion
RI is a 50-kDa cytosolic protein found in all mammalian cells (4), and is not known to undergo phosphorylation (52) . Human RI is composed of 15 leucine-rich repeats that endow the protein with the shape of a horseshoe (53, 54) , which is conserved in homologs (47) . The cytosolic concentration of RI is approximately 4 mmol/L (42). This relatively high concentration, coupled with the ubiquitous expression of its mRNA in mammalian tissues, is consistent with an important role.
RI is known to act as a "sentry" that protects mammalian cells from ptRNases (42) (43) (44) . These ribonucleases are secretory ($0.5 mg/mL in human blood and serum; ref. 24) but can enter cells via endocytosis (55, 56) . A fraction of the protein escapes from endosomes into the cytosol but is then inhibited by RI (55, 56) . A ptRNase that is resistant to RI can degrade cellular RNAs, resulting in apoptosis (5, 6) . Such RI-evasive homologs and variants have shown promise as cancer chemotherapeutic agents (57, 58) .
RIÁptRNase complexes have K d values in the sub-femtomolar range (4, 6) , making the RI-ptRNase interaction the tightest known between biomolecules. The RIÁptRNase complex is stabilized by favorable Coulombic interactions, as RI is highly anionic and ptRNases are highly cationic (22, (45) (46) (47) . To date, all detailed structure-function analyses of RI have been performed on protein produced by heterologous expression in E. coli.
Apparently, femtomolar affinity is not enough. We discovered that five residues of RI are phosphorylated by kinases in the ERK pathway ( Fig. 5A and B) , and that phosphorylation increases the affinity of RI for a ptRNase (Fig. 5C and D) . Computational models suggest that three of the nascent phosphoryl groups (i.e., those on Ser177, Ser289, and Ser405) are especially favorable for interaction with bound RNase 1 (Fig. 5E ). These three sites have been conserved during mammalian evolution (Supplementary Fig. S4 ).
The phosphoryl group on Ser405 merits special consideration. ptRNases have four well-defined enzymic subsites that bind to phosphoryl groups in an RNA substrate (59) (60) (61) . A phosphoryl group on Ser405 is proximal to each of those subsites in an RIÁptRNase complex (Supplementary Fig. S5 ). In other words, a post-translational modification installs a phosphoryl group in the inhibitor of an enzyme in a location that recapitulates the phosphoryl groups in the substrate of that enzyme.
RI also inhibits an atypical ptRNase, angiogenin (ANG), which is a potent inducer of neovascularization (62) . Whereas other ptRNases function in the extracellular space or cytosol, ANG acts in the nucleolus (63, 64) . Gain-and loss-of-function experiments have elucidated the roles of RI in regulating angiogenesis through direct interaction with ANG (65) (66) (67) (68) (69) . Phosphorylation enables ANG to evade cytosolic RI on its route to the nucleolus (23) . Appending phosphoryl groups to RI generates repulsive Coulombic interactions that are likely to diminish its affinity for ANG even further. In particular, Ser289 of RI is proximal to phosphorylated Ser87 of ANG in the RIÁANG complex ( Supplementary Fig. S6A ), and Ser405 of RI is close to Asp41 of ANG ( Supplementary Fig.  S6B ). Notably, Ser87 is not known to be phosphorylated in other ptRNases, and Asp41 is nearly always replaced with a proline residue in homologs (70) . Thus, phosphorylation might enable RI to discriminate between homologous human proteinsenhancing affinity for RNase 1 but diminishing affinity for ANG.
Whereas the phosphorylation of Ser177, Ser289, and Ser405 of RI affects its affinity for ptRNases, the phosphorylation of Thr81 and Ser382 could affect the oxidative stability of RI. Both of these residues are proximal to cysteine residues in the folded protein ( Supplementary Fig. S7A and S7B) . RI is vulnerable to cooperative oxidation that is detrimental to its structure and function, and leads to proteolysis (71, 72) . A sulfhydryl group Figure 7 . Putative mechanism of synergy between an ERK-pathway inhibitor and a ptRNase. The binding of growth factors to extracellular receptors activates Ras, which in turn activates the protein kinase activity of Raf kinase (82) . Raf kinase catalyzes the phosphorylation of MEK, and MEK catalyzes the phosphorylation of ERK (83) . ERK has more than 400 substrates, including p90 ribosomal S6 kinase-1 (RSK; ref. 84) , and its kinase activity regulates gene expression related to cell growth and proliferation. ERK and RSK catalyze the phosphorylation of RI, which strengthens the interaction of RI with an invading ptRNase (A). Treatment with a kinase inhibitor (e.g., ARS-853, dabrafenib, trametinib, or selumetinib) diminishes RI phosphorylation, which unleashes a larger portion of the invading ptRNase to manifest cytotoxic ribonucleolytic activity (B). Treatment with selumetinib and trametinib reduces the phosphorylation of ERK and RSK. B, Treatment with inhibitors of non-ERK pathway kinases has no effect on the phosphorylation of biotinylated RI, which was captured by using streptavidin-coated magnetic beads. Inhibition of ERK-pathway kinases diminishes phosphorylation of RI (a-pThr and a-pSer lanes).
is oxidized much more readily upon deprotonation to a thiolate (73) , which is anionic. Accordingly, cysteine residues in an anionic environment are likely to be resistant to oxidation ( Supplementary Fig. S7C ), and the phosphorylation of RI could confer such resistance.
RI is phosphorylated by kinases of the ERK pathway. The ERK pathway is deregulated in a third of all human cancers (74) (75) (76) . Small-molecule inhibitors that target components of the ERK cascade can halt the propagation of growth stimuli and be effective anticancer agents (77) (78) (79) . The development of resistance, however, limits the effectiveness of these inhibitors (18) . For example, trametinib and dabrafenib were approved in 2013 as single agents for the treatment of BRAF V600E mutationpositive unresectable or metastatic melanoma (36, 80, 81) . Many patients, however, develop resistance to these drugs within a few months (18, 19) . In 2014, the FDA-granted approval for a combination therapy of trametinib and dabrafenib, with the hope of combatting resistance (38, 39, 41) . We find that coupling either trametinib or dabrafenib with QBI-139, a cytotoxic ptRNase, provides much more synergistic toxicity for melanoma cells than does coupling trametinib with dabrafenib (Fig. 5) . This synergism between a kinase inhibitor and QBI-139 is consistent with underlying mechanisms of action ( Fig. 7) as well as rational strategies for the beneficial combination of drugs (10, 11) . Hence, the discovery of RI phosphorylation could have clinical implications, including to cancer patients suffering from "addiction" to drugs that target the ERK pathway (40) .
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